Introduction
Head and neck (HN) cancer patients are known to be at significantly elevated risk of second primary malignancies (SPMs), compared with the matched population and SPMs are the leading cause of mortality (30% [1] [2] ) among long-term head and neck squamous cell carcinoma (HNSCC) survivors. Effective and successful SPM treatment is therefore a crucial part of longterm HNSCC management.
The concept of 'field cancerization', which was first introduced by Slaughter, et al. [3] in 1953, has been used to explain the high occurrence of SPMs in HNSCC. The classic view of 'field cancerization' is that exposure of environmental carcinogens, such as tobacco and alcohol use, may induce premalignant disease in large mucosal area and elevate the secondary cancer risk throughout the aero-digestive tract. Additional studies have further confirmed that some SPMs share a similar genetic pattern with the index tumor [4] . Other risk factors, such as aging and human papillomavirus (HPV)-seronegative status, etc. have been proven to significantly increase the incidence of SPMs [5] [6] . The most common site of HNSCC SPMs is lung, followed by HN, and esophagus [5, [7] [8] , attributing to about 60% of all SPMs combined.
Patients who develop an SPM tend to have a significantly worse survival, compared to those who do not [7] . Head and neck SPMs have a relatively better prognosis than SPMs arising in lung or esophagus, with a 5-yr survival of 61%, 19%, and 0%, respectively [2, 9] . Lung SPM patients after an HNSCC primary tumor have a worse prognosis compared with the matched general population with primary lung cancer, regardless of the histology [10] . All these findings highlight the importance of better understanding and management of HNSCC SPMs.
In this population-based study, we aim to compare the survival outcomes across treatment types in HNSCC patients who developed an HN, lung, or esophagus SPM and to determine whether there is any association between risk factors and the survival in SPM patients.
Materials And Methods

The Surveillance, Epidemiology, and End Results program and Multiple Primary-Standardized Incidence Ratios session
The Surveillance, Epidemiology, and End Results (SEER) program of the National Cancer Institute (NCI) is an authoritative source of information on cancer incidence and survival in the US, which routinely collects data on patient demographics, tumor site, morphology, stage at diagnosis, course of treatment, and follow-up for vital status, with quality control routinely performed since 1973 and now covers approximately 28% of the US population [11] . The NCI does not require institutional board approval for the use of SEER data.
The Standardized Incidence Ratios' (MP-SIR) session is a session under the SEER program, in which a defined cohort of people previously diagnosed with cancer is followed through time to compare their subsequent primary cancer experience to the matching general population [12] . By extracting the detailed information of the secondary cancers, one can also look into the risk factors, management techniques, and survival outcomes of specific SPMs [13] .
Study population and treatment categories
The SEER*Stat 8.2.1 software package (SEER, National Cancer Institute, MD, USA) and the MP-SIR session were used to identify patients who were diagnosed with a primary HNSCC and then developed SPMs between 1973 and 2011 in the nine registries of the SEER program. Patients with HNSCC were defined using the International Classification of Diseases for Oncology, third edition (ICD-O-3), histology codes for squamous cell carcinoma (8070-8078), and subsite codes for head and neck cancer (oral cavity, oropharynx, hypopharynx, larynx, and nasopharynx). All patients included were in 'active follow-up' or 'originally inactive, then active follow-up' as defined in the database. Given the relatively small study population for each SPM subsite, the stage at presentation was categorized according to the SEER historic stage A codes as 'localized' (localized without lymph node involvement or distant metastases, N0M0), 'regional' (locally advanced or lymph node-positive without distant metastases, N+M0), or 'distant' (distant metastases, any N M1) [14] . SPM was defined as an invasive solid tumor developing ≥2 months after an index HNSCC as per National Cancer Institute criteria [15] . Patients with HN, lung, and esophagus SPMs were drawn from the case listing sheet, and the ones who died from the index tumor, developed a third malignancy, or had an un-staged disease were excluded.
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Statistical analysis
Descriptive statistics were calculated to characterize the study cohort in relation to demographic factors, social-economic status, and tumor characteristics. The primary endpoint was cancer-specific survival (CSS). For CSS, the patients with deaths due to causes other than cancer were censored. A secondary endpoint was overall survival (OS). Time for both CSS and OS was calculated as time in months from the diagnosis of the SPM tumor to the date of death from any cause, or to the date of last follow-up if a patient did not have a recorded death. Kaplan-Meier survival analyses were performed to evaluate CSS and OS by SPM tumor staging and treatment group, stratified by SPM subsite. All analyses were used to produce relevant survival estimates and to employ the log-rank test for comparison of CSS/OS between the different groups of interest.
Unadjusted Cox proportional hazards regression analyses were performed to evaluate the impact of all demographic, social-economic, and tumor factors on CSS, stratified by SPM subsite. Multivariable Cox proportional hazards regression analyses was then performed with all variables included that were significant at the 0.20 alpha level from the unadjusted analyses. 'Age at index tumor' and 'year of index tumor' were excluded because of their collinearity with corresponding SPM data. Competing-risks survival regression was also performed to check the multivariable CSS hazard ratios by accounting for the competing event of death due to causes other than cancer (based on Fine and Gray's proportional subhazards model). All p-values are two-sided with statistical significance evaluated at the 0.05 alpha level. Ninety-five percent confidence intervals (CI) for unadjusted and adjusted HRs and subhazard ratios were calculated to assess the precision of the obtained estimates. All analyses were performed using R-3.2.0 for Windows 64 bit (R-statistics.com, Vienna, Austria).
Results
Description of study population
A total of 3,138 patients with a median follow-up of 12 months were identified, of which, 1,056 patients developed an HN SPM (33.7%), 1,717 patients developed a lung SPM (54.7%), and 265 patients developed an esophagus SPM (8.4%). The patient and tumor characteristics are summarized in Table 1 . The median age for index and secondary tumor was 61 years, and 69 years, respectively. The median time interval from the diagnosis of an index tumor to an SPM was 70 months (range 2-242 months). It was found that 51.5% had a localized or regional (42.7%) index tumor. In patients with lung SPMs, 45.1% of patients (N=775) had distant disease at diagnosis ( Table 1) .
Patients by Subsite
All Sites HN Lung Esophagus Abbreviations: CS, conservative surgery; CSRT, conservative surgery with radiation; HN, head and neck; mo, months; RS, radical surgery; RSRT, radical surgery with radiation; RT, radiation therapy; SPM, second primary cancer; yo, years.
Overview of SPM survival by subsite
The study cohort had a median OS of 14 months (13-15 months) and a median CSS of 22 months (20-26 months). HN SPMs ( 
TABLE 4: Cause Specific Survival of SPMs by Subsite and Stage
Abbreviations: SPM, second primary cancer; CS, conservative surgery; RS, radical surgery; RT, radiation therapy; CSRT, conservative surgery with radiation; RSRT, radical surgery with radiation; HN, head and neck; R, reference; OS, overall survival; CSS; cause-specific survival; HR, hazard ratio; CI: confidence interval.
. p<0.1, * p<0.05, ** p<0.01, ***p<0.001
Lung
In the lung SPM cohort, 591 patients (83.5%) were diagnosed with a regional or distant disease and radiation was the most commonly used treatment. It was found that 384 cases (22.4%) (232 localized, 60.4%) received surgical resection as the only treatment ( Table 1 ). The RS group had a 2-yr OS of 60.8% (56.0-66.1) and 2-yr CSS of 70.6% (65.8-75.8%), followed by the RSRT group (Table 3) , which remained to be the most superior when categorized into stages ( Table 4) .
Esophagus
In the esophagus SPM group, (Tables 2-3 ), 1-yr OS was 51.9%, (39.7-67.8%) and 1-yr CSS was 61.4%, (48.8-77.3%), which was observed in RS group (Table 3) .
Impact on survival
In the multivariable model (Table 5) , 'SPM staging' was an independent predictor of CSS among all three subsites. 'Index tumor staging' was also adversely correlated with survival except for esophagus SPMs. Younger age at diagnosis and being black were correlated with better survival outcome in lung SPM patients. CS showed the highest CSS after adjusting for all the covariates in all HN SPMs (HR 0.429 compared with RS, p<0.01, Table 5 ) and by stages (localized SPM HR 0.430, regional SPM HR 0.249 compared with RS, p<0.05, Table 6 ). Patients with localized HN SPM who received no treatment showed a comparable CSS versus RS (HR 0.685, p>0.1) ( Table 6 ). Surgical intervention was superior compared to all the other groups in lung SPMs. However, in esophagus SPMs, no survival difference was observed among treatment types ( 
HN
TABLE 6: Multivarable Analysis of Impact of Factors on HN SPM CSS by Stage
Abbreviations: SPM, second primary cancer; CS, conservative surgery; RS, radical surgery; RT, radiation therapy; CSRT, conservative surgery with radiation; RSRT, radical surgery with radiation; HN, head and neck; R, reference; CSS; cause-specific survival; HR, hazard ratio; CI: confidence interval.
Discussion
Our population-based study showed outcomes of various treatment modalities for SPMs after primary HN SCC. Based on the results of our study, it seems that aggressive surgical approaches with adjuvant radiation may be the better option compared to more conservative approaches in most patients except esophageal SPMs.
Our study (Supplementary 1 ) confirmed that the burden of SPMs is elevated in HNSCC patients, with a standardized incidence risk (SIR) of 1.90 (p<0.05) and an absolute excess risk (AER) of 167 per 10,000 person years (PYR) compared to the age-, gender-, and calendar year-matched normal population.
Our study found a 5-yr OS of 22.6% from the time of diagnosis of SPM ( Table 2) , which is significantly lower than the recent reports on >60% 5-yr OS for HN cancers [16] [17] . In addition, SPMs arising in the lung and esophagus had a 5-yr OS of 12.4% and 4.9%, respectively, which is significantly worse than those with an HN SPMs ( Table 2 ) and worse than the reported corresponding primary cancer survival as well [18] [19] .
For HN SPMs, the management is sometimes complicated by the effects of prior treatment, including anatomical changes, risk of re-irradiation, as well as the multifocal nature of these tumors [20] . Thus, often, they are managed similarly as recurrent diseases. In our study cohort, 66.8% HN SPM patients underwent some sort of surgical resection ( Table 1 ). The unequal survival across conservative and radical surgery groups in HN SPMs was somewhat unexpected, especially in regional SPMs. To our knowledge, there are no studies specifically comparing the outcomes between conservative and radical approaches in HN SPMs. Evidence from observational series in primary and recurrent HN tumors suggests that conservative procedures may be able to offer an alternative option for carefully selected patients [21] [22] . For example, Ganly, et al. [22] reported that for early-stage recurrent glottis larynx tumors, partial laryngectomy gives a significantly greater 5-yr survival compared with total laryngectomy. Collectively, our findings raise important questions for surgical treatment selection in HN SPMs after HNSCC.
Interestingly, patients who did not receive any intervention for HN SPMs showed a comparable outcome to surgery (5-yr CSS 88.0%, CSS HR 0.685, p>0.05) ( Tables 3-5 , Supplementary 2). We are not sure of the reason for this finding except that the retrospective nature of data limits information about histology, chemotherapy or other interventions. A possible explanation may be that 'no intervention' preserves the immunological status of the patient to fight cancer progression and such patients may be better if left untreated.
Patients with lung SPMs showed best outcomes when treated with RS alone while patients who received RT only were found to have the worst outcomes ( Tables 3-5 ). This may be due either to advanced stage of presentation or due to conventional RT techniques in the years considered in this data collection. Conventional RT has traditionally been considered inferior to surgical resection in lung cancer treatment outcomes. However, in the last decade, increasing utilization of novel RT techniques such as stereotactic body radiation therapy (SBRT) has resulted in excellent local controls for early stage cancer, and future long term outcome data will likely result in significantly better RT outcomes, compared to conventional RT [23] . Lung SPM patients who had RSRT fared worse compared with those who underwent surgery alone ( Tables 3, 5 ). Some studies in primary lung cancer treatment have shown that postoperative RT may not improve OS [24] [25] . A randomized trial from France [26] reported that the non-cancer-related death increased with the RT dose delivered per fraction.
Conventional treatment options for esophagus cancer include surgical resection [27] , preoperative concurrent chemoradiotherapy or neoadjuvant chemotherapy followed by resection [28] [29] . Our study failed to demonstrate the superiority of any one treatment option over another in the management of esophagus SPMs.
In the diagnostic time-controlled multivariable analysis, 'SPM staging' was found to be the survival predictor among all SPMs ( Table 5) . Blacks did better than whites in lung SPMs (Table  5) . However, we acknowledge that race was unequally distributed in our study cohort (155 blacks vs. 1497 whites), which could potentially affect statistical results. Interestingly, consistent with prior studies [30] , being married was found favorable in HN and lung SPMs in univariate analysis (Supplementary 3) but not in esophagus SPMs.
As in any SEER-based study, limitations [11, 14] of our study include incomplete information on adjuvant therapy, systemic treatment information, risk factors, coding reliability, and patient migration. However, we hope that the large patient numbers and the information that is available is enough to give us an idea about the management options in this subgroup of patients, and this may be useful for clinical decision making as well as generating a hypothesis for a prospective trial.
Conclusions
SPMs after an index HNSCC are considerably common and negatively impact the survival. The overall prognosis of SPMs after HNSCC has significantly improved over the years but is still poor compared with corresponding primary tumors. In HN SPMs and lung SPMs, conservative surgery with or without adjuvant radiation may be the best treatment option. Esophageal SPMs showed equivalent outcomes irrespective of the type of treatment. Some SPMs can potentially be left untreated or be managed conservatively. Abbreviations: CI: confidence interval; CS, conservative surgery; CSS; cause-specific survival; CSRT, conservative surgery with radiation; HN, head and neck; HR, hazard ratio; OS, overall survival; R, reference; RS, radical surgery; RSRT, radical surgery with radiation; RT, radiation therapy; SPM, second primary cancer. 
